Epidermal growth factor receptor (EGFR) plays an important role in cell division and cancer progression, as well as angiogenesis and metastasis. Since many tumor cells exhibit the EGFR on their surface, functional imaging of EGFR provides not only a non-invasive, reproducible, quantifiable alternative to biopsies, but it also greatly complements pharmacokinetic studies by correlating clinical responses with biological effects. Moreover, molecular endpoints of anti-EGFR therapy could be assessed effectively. C225 is a chimeric monoclonal antibody that targets the human extracellular EGFR and inhibits the growth of EGFR-expressing tumor cells. Also, it has been demonstrated that C225, in combination with chemotherapeutic drugs or radiotherapy, is effective in eradicating well-established tumors in nude mice. We have developed 99m Tc-labeled C225 using ethylenedicysteine (EC) as a chelator. This study aimed at measuring uptake of 99m Tc-EC-C225 in EGFR þ tumor-bearing animal models and preliminary feasibility of imaging patients with head and neck carcinomas. In vitro Western blot analysis and cytotoxicity assays were used to examine the integrity of EC-C225. Tissue distribution studies of 99m Tc-EC-C225 were evaluated in tumor-bearing rodents at 0.5-4 h. In vivo biodistribution of 99m Tc-EC-C225 in tumor-bearing rodents showed increased tumor-to-tissue ratios as a function of time. In vitro and biodistribution studies demonstrated the possibility of using 99m Tc-EC-C225 to assess EGFR expression. SPECT images confirmed that the tumors could be visualized with 99m Tc-EC-C225 from 0.5 to 4 h in tumor bearing rodents. We conclude that 99m Tc-EC-C225 may be useful to assess tumor EGFR expression. This may be useful in the future for selecting patients for treatment with C225.
Introduction
Traditional cytotoxic approaches to tumor management are beneficial for a number of neoplasms, but are also associated with toxicity. Therefore, more specific molecular targeted interventions have gained attention. An example is therapy directed to counteract epidermal growth factor receptor (EGFR), which is overexpressed in many tumors. EGFR signaling is not only critical for cell proliferation, but it affects other processes that are crucial to cancer progression, including angiogenesis, metastatic spread and the inhibition of apoptosis. Blockade of the EGFR and its ligands provides a novel approach to cancer treatment [1] [2] [3] .
C225 is a chimeric monoclonal antibody (mAb) that targets human extracellular EGFR. Several studies have shown that C225 inhibits growth of EGFR-expressing tumor cells in vitro and treatment with C225 results in marked inhibition of tumor growth in nude mice bearing xenografts of human cancer cell lines [4, 5] . Also, treatment with C225 in combination with chemotherapeutic drugs or radiotherapy is effective in eradicating well-established tumors in nude mice [6] [7] [8] [9] [10] .
Due to favorable physical characteristics as well as extremely low cost, 99m Tc has been preferred for labeling radiopharmaceuticals. Several compounds have been labeled with 99m Tc using nitrogen and sulfur chelates [11, 12] . Bis-aminoethanethiol tetradentate ligands, also called diaminodithiol compounds, are known to form very stable Tc(V)O complexes on the basis of efficient binding of the oxotechnetium group to two thiolsulfur and two amine nitrogen atoms. 99m Tc-L,L-ethylenedicysteine ( 99m Tc-EC) is a recent and successful example of N 2 S 2 chelates. EC can be labeled with 99m Tc easily and efficiently with high radiochemical purity and stability, and is excreted through kidney by active tubular transport [13, 14] . A series of 99m Tc-EC-agent conjugates for functional imaging in oncology have been previously reported [15] [16] [17] [18] [19] . We have formulated 99m Tc-EC-C225 using EC as a chelator to address a hypothesis that the magnitude of C225 uptake, measured with a radiolabeled C225 scan, may aid in selection of patients for anti-EGFR treatment and prediction of its outcome. In this paper, tumor uptake of 99m Tc-EC-C225 in several EGFR þ cell lines, two different animal models and one patient case is presented. Because overexpression and autocrine activation of EGFR is detected in 90% of head and neck squamous cell carcinoma (HNSCC) [20] [21] [22] , preliminary imaging feasibility of 99m Tc-EC-C225 was conducted in patients with HNSCC.
Materials and methods
Sulfo-N-hydroxysuccinimide (Sulfo-NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCl (EDC) were purchased from Pierce (Radford, IL), and Sephadex (G-25) was purchased from Sigma (St Louis, MO). All other chemicals were purchased from Aldrich (Milwaukee, WI). 99m Tc-pertechnetate was obtained from a commercial 99 Mo/ 99m Tc generator (Ultratechnekow FM; Mallinckrodt Diagnostica, Houston, TX).
Radiosynthesis of 99m Tc-EC-C225
Synthesis of EC was prepared in a two-step manner according to the previously described methods [23, 24] . The precursor, L-thiazolidine-4-carboxylic acid, was synthesized (m.p. 1951C, reported 196-1971C). EC was then prepared (m.p. 2471C, reported 251-2531C). The structure was confirmed by 1 H-NMR and mass spectroscopy (FAB-MS) m/z 268 (M þ , 100).
Clinical grade anti-EGFR mAb C225 (IMC-C225) was obtained from the ImClone Systems (Somerville, NJ). C225 (20 mg) was stirred with EC (28.8 mg, 0.11 mmol in 1.4 ml of 1 N NaHCO 3 ), Sulfo-NHS (23.3 mg, 0.11 mmol) and EDC (16.6 mg, 0.09 mmol). After dialysis, 17 mg of EC-C225 was obtained. Then 100 mCi of Na 99m TcO 4 was added into a vial containing 1 mg EC-C225 and 100 mg SnCl 2 , and the product was purified with a G-25 column and eluted with PBS, yielding 80 mCi 99m Tc-EC-C225.
Integrity of EC-C225
An immunoassay (Western blot and immunoprecipitation) and cell proliferation assays were used to examine the integrity of EC-C225. Western Blot analysis was also performed on A431 (EGFR expression cell line, positive control), MDA231 (medium EGFR expression) and MDA453 (poor EGFR expression, negative control). Cells were treated with C225 or EC-C225 (10 mg) and then lysed with buffer containing 20% SDS in dimethyl formamide/H 2 O, pH 4.7, at 371C. The supernatants were cleared by centrifugation and the protein concentrations were measured by the Lowry method. Equal amounts of protein were subjected to immunoprecipitation in the presence of mouse antihuman EGFR antibody (Oncogene, Boston, MA) for 2 h at 41C, followed by incubation with immobilized Protein G plus/Protein A-agarose beads (Oncogene) overnight at 41C. For Western immunoblotting, the immunoprecipitates or equal amounts of crude extract were boiled in Laemmli SDS sample buffer, resolved by SDS-PAGE, transferred to nitrocellulose and probed with mouse antiphosphorylation primary antibody (Upstate Biotechnology, Lake Placid, NY) at 41C overnight. After the blots were incubated for another 1 h at room temperature with horseradish peroxidase-labeled anti-mouse secondary antibody (Amersham Life Science, Arlington Heights, IL), signals were detected by the enhanced chemiluminescence assay (Amersham Life Science) according to the manufacturer's instructions.
DiFi cells are known to undergo apoptosis when exposed to C225 in culture. For cell viability assays, cells were seeded onto 24-well culture plates and exposed to the appropriate amounts of C225, EC-C225 or EC sodium salt alone (control) for 24 h incubation. Subsequently, 50 ml of 10 mg/ml MTT (Sigma) was added into 0.5 ml of culture medium and the cells incubated for 3 h at 371C in a CO 2 incubator, followed by cell lysis with buffer containing 20% SDS in dimethyl formamide/H 2 O, pH 4.7, at 371C for more than 6 h. Cell viability was then determined by measuring the optical absorbance of cell lysate at a wavelength of 595 nm and normalizing the value with the corresponding untreated cells.
In vitro cellular uptake assay
To evaluate if the uptake of 99m Tc-EC-C225 correlates to EGFR density, in vitro cellular uptake assay was conducted using high and intermediate EGFR-expressing human cancer cell lines A431 and MDA 231, respectively. Each well containing 80 000 cells was exposed to 2 mCi 99m Tc-EC-C225. After 2-h incubation, the cells were washed with phosphate-buffered saline 3 times and followed by trypsinization. The cells were counted by a g-counter.
Tissue distribution studies
The animal experiments were approved by the University of Texas M. D. Anderson Institutional Animal Care and Use Committee (IACUC). Biodistribution was assessed in A431 grown in nude mice (1 mCi/mouse, 10 mg/mouse, n ¼ 3/time interval, i.v.) or 13762 NF grown in rats (15-20 mCi/rat, i.v.). Female rodents were inoculated s.c. with 0.1 ml of tumor cells suspension, containing 10 6 cells into the hind legs using 25-gauge needles. Studies were performed 14-17 days after implantation when tumors reached approximately 1 cm diameter. Following administration of the radiotracer, 10 mg 99m Tc-EC-C225 per animal, the rodents were sacrificed at 0.5 and 4 h. The selected tissues were excised, weighed and counted for radioactivity by using a g-counter (Packard Instruments, Downers Grove, IL). The biodistribution of tracer in each sample was calculated as percentage of the injected dose per gram of tissue wet weight (%ID/g). Tumor:non-target tissue count density ratios were calculated from the corresponding %ID/g values. Student's t-test was used to assess the significance of differences between groups. The same procedure was followed for in vivo blocking studies by administering cold C225 to the blocking group 30 min prior to the injection of the radiotracer.
Scintigraphic imaging study 99m Tc-EC-C225 (22 mCi; 0.05 mg) was administered i.v. to a patient with locally advanced squamous cell carcinomas of the head and neck. To ascertain the optimal time for tumor visualization, SPECT scans including the region of interest (ROI) were obtained at 2, 4 and 6 h after injection. The SPECT imaging was obtained by a g-camera (Siemens Medical Systems, Hoffman Estates, IL) equipped with low-energy, parallel-hole collimator, using 45 stops in approximately 25 min (30 s/stop), and images were reconstructed using a Hamming filter in 128 Â 128 matrix format. SPECT scan findings were compared to CT scan findings.
Results

Radiosynthesis of 99m Tc-EC-C225
Radiochemical purity for 99m Tc-EC-C225 was 100% (HPLC, gel permeation column, 0.1%. LiBr in 10 mM PBS, pH 7.4). Specific activity was 2 Ci/mmol ( Fig. 1) .
Integrity of EC-C225
No significant differences were found between labeled and unlabeled C225 in affinity. Western immunoblotting and immunoprecipitation showed different intensities among, A431 (EGFR expression cell line, positive control), MDA231 (medium EGFR expression) and MDA453 (poor EGFR expression, negative control), the three cell lines ( Fig. 2A) . The result showed that EC-C225 is biologically active in inducing cell death in DiFi cells. In contrast, the EC-Na did not show any effect on cell proliferation when compared with control. There was no significant difference found between labeled and unlabeled C225 in inhibiting cell growth (Fig. 2B ).
In vitro cellular uptake assay
There was a marked cellular uptake difference between A431 and MDA 231 cell lines. A431, a known EGFR expression cell line, showed higher uptake than MDA231 (Fig. 3 ).
Tissue distribution studies
Biodistribution studies showed that tumor-to-muscle count density ratios increased as a function of time in A431 tumor-bearing mice and breast tumor-bearing rats (Figs 4 and 5) . Tumor-to-muscle count density ratios reached a plateau at 2 and 4 h, respectively. At 2 h tumor uptake (%ID/g) was 0.309% for 99m Tc-EC-C225 (Table  1 ) and 0.115% for 99m Tc-EC (control) ( Table 2) . At 4 h tumor uptake (%ID/g) was 0.26% for 99m Tc-EC-C225 (Table 1 ) and 0.096% for 99m Tc-EC (control) ( Table 2) . Receptor blocking studies showed decreased tumor-tomuscle count density ratios at 2 h post-administration of 99m Tc-EC-C225 (Fig. 6 ).
Scintigraphic imaging study
A selected image of one patient imaged with 99m Tc-EC-C225 is illustrated in Fig. 7 . The patient had squamous cell carcinoma of the left tonsil (arrow) metastatic to left neck lymph nodes. The patient had already undergone planning for radiation therapy treatment. The patient wore a radiation therapy plastic immobilization mask during the 99m Tc-EC-C225 SPECT imaging scans. Enhancement of three fiducial markers was seen at 12:00, 3:00 and 9:00. The SPECT images were then fixed with axial slices of the radiation therapy planning computed tomography. The 99m Tc-EC-C225 SPECT images showed that the primary tumor but not the nodal sites could be well visualized at 2 h post-administration.
Discussion
Studies have suggested neovascularization as a requirement for primary tumor growth, invasion and metastasis. Reports also give evidence that acquisition of the angiogenic phenotype is a common pathway for tumor progression and that active angiogenesis is associated with other molecular mechanisms leading to tumor HPLC analysis of 99m Tc-EC-C225 indicated that radiochemical purity was 100%. The specific activity of 99m Tc-EC-C225 was 2 Ci/mmol. progression [25] [26] [27] [28] . There are four types of antiangiogenic therapy agents [29] [30] [31] [32] . They are (i) antibodies, such as anti-integrins (Vitaxin), anti-EGFR (C225), anti-VEGF mAb, anti-endoglin glycoprotein (anti-TGF-b); (iii) protein fragments, such as plasminogen and collagen (angiostatin, endostatin, vasostatin, canstatin, restin, thromospondin); (iii) modulation of fibroblast growth factors (interferons); and (iv) synthetic small molecules, such as protease inhibitors (marimastat, prinomastat, tanomastat, solimastat, TNP470), urokinase inhibitors, cyclooxygenase inhibitors and tyrosine kinase inhibitors [SU5416, ZD4190 (anti-VEGFR); SU6668 (anti-VEGFR/ FGFR/PDGFR); SU5402, SU4984 (anti-FGFR); STI571 (anti-PDGFR); PD173074 (anti-FGFR/VEGFR), ZD1839 and OSI-774 (anti-EGFR)]. These new antiangiogenic agents represent some of the more promising new approaches to anticancer therapy.
C225, an anti-EGFR antibody, has shown antitumor activity in tumor cells lines expressing EGFR, including heightened radiation response in vitro in cultured human squamous cell carcinoma and enhancement of taxaneand platinum-induced cytotoxicity in non-small cell lung cancer xenografts [22] . In A431 head and neck squamous cell xenografts, C225 administered both before and after radiation therapy yields a radiation enhancement factor of 3.62, attributable to both tumor necrosis and antiangiogenesis [7, 10] . The preclinical and clinical efficacy of C225 appears to involve multiple anticancer mechanisms; however, there are no molecular markers to assess C225 endpoint. The ability to assess tumor EGFR expression and C225 uptake by 99m Tc-labeled C225 would allow selection of proper patient population to evaluate the efficiency of anti-EGFR therapy for cancer.
Imaging with 99m Tc-EC-C225 has the following potential advantages over biopsy: (i) non-invasive, (ii) reproducible, (iii) easily quantifiable, (iv) can be used to access areas which are dangerous to biopsy and (v) can be used to assess the whole body at once. Due to better imaging characteristics and lower price, attempts have been made to replace the 123 I-, 131 I-, 67 Ga-and 111 In-labeled compounds with corresponding 99m Tc-labeled compounds when possible. Verbruggen et al. [12] reported that EC can be labeled with 99m Tc easily and efficiently at room temperature with high radiochemical purity, and the preparation remains stable for at least 8 h. Recently, our laboratory developed a series of EC-drug conjugates In vitro cellular uptake assays of 99m Tc-EC-C225 in two cell lines. A431, a standard EGFR expression cell line, showed higher uptake than MDA 231.
labeled with 99m Tc [15] [16] [17] [18] [19] . In this paper, EC-C225 was prepared using relatively simple and rapid synthesis.
In tissue distribution studies, there was a difference in tumor-to-muscle uptake ratio between the 99m Tc-EC-C225 (8 at 2 and 4 h) ( Table 1 ) and 99m Tc-EC (4 at 2 h and 5 at 4 h) ( Table 2 ) groups observed. In addition, the tumor uptake (%ID/g) at 2 and 4 h was greater in the 99m Tc-EC-C225 group (0.309 compared with 0.115 at 2 h and 0.260 compared with 0.096 at 4 h) ( Tables 1 and 2) . Tumor-to-tissue count density ratios of 99m Tc-EC-C225 in A431 tumor-bearing mice showed an increase as a function of time. Data are expressed as the mean þ SE for n ¼ 3 rats per group. 
Min
Tumor-to-tissue count density ratios of 99m Tc-EC-C225 in breast tumor-bearing rats showed an increase as a function of time. Data are expressed as the mean þ SE for n ¼ 3 rats per group.
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In comparing the two groups, the washout rate must be taken into consideration when observing the percent uptake in the tissues. Pre-treatment of rats with unlabeled C225 led to a decrease in the tumor-to-muscle count density ratios. The findings suggest that tumor uptake of 99m Tc-EC-C225 occurs via a receptor- Tumor-to-tissue count density ratios of 99m Tc-EC-C225 in breast tumor-bearing after pre-treatment with C225 showed that tumor-to-muscle count density ratio was decreased at 2 h post-injection. mediated process. Planar imaging of 99m Tc-EC-C225 demonstrated the feasibility to image tumors at 2 h postinjection.
In summary, a convenient and simple method for radiolabeling C225 with high specific activity was achieved. In vitro and in vivo biodistribution studies demonstrated the feasibility of using 99m Tc-EC-C225 to assess EGFR expression. EGFR is overexpressed in a significant percentage of human A431 cells which correlates well with 99m Tc-EC-C225 uptake. Our animal studies and preliminary clinical imaging studies suggest that 99m Tc-EC-C225, a specific marker for EGFR, may be useful in selecting patients most likely to benefit from C225 therapy.
